INTRODUCTION
Chromium is discharged from various industries such as chromium plating, leather tanning and textile, and exists as hexavalent chromium (Cr(VI)) and trivalent chromium (Cr(III)) in wastewater. Especially, Cr(VI) has high toxicity and oncogenicity to human being. The permissible concentration limit in drinking water is regulated by each health organization; 0． 05 mg/L is the limit of WHO, EU and Japan, 0． 1 mg/L is the limit of US EPA. Ion exchange, chemical reduction and precipitation processes are used for the removal of Cr(VI). However, ion exchange process requires the high cost resin, and chemical reduction and precipitation process produces a great deal of sludge.
On the other hand, adsorption process using activated carbon (AC), bauxite, dolomite and/or fly ash is one of the simplest techniques for the removal of Cr(VI) and is extensively studied 1-15） . AC has a high surface area of over 1000 m 2 /g due to the porous structure and shows a strong affinity to aromatic compounds due to the π-π interaction between AC and adsorbate. AC is prepared by various materials, e.g. secondary products
6, 13）
, and therefore, low in cost.
There have been many researches on the adsorption of high toxic heavy metals
2, 12）
. AC with little amount of surface functional groups prepared by high temperature treatment adsorbs heavy metals in the form of π-cation interaction. It is also known that oxidized AC possessing the acidic functional groups shows the high performance on heavy metals adsorption because of the ion exchange between the acidic functional groups and heavy metals
12）
.
The effects of various parameters such as initial concentration of adsorbate, contact time, pH and temperature of solution on Cr(VI) adsorption by AC have been investigated 6, 7, 9-13, 15） . Also, recent studies showed that Cr(VI) was reduced to Cr(III) on AC surface , the details of reaction and the effects of various parameters for Cr(III) production have not been clarified.
In this study, the effects of different pH and temperature of solution on Cr(VI) removal using different adsorbent were examined to investigate the role of adsorbent surface and aqueous condition on the Cr(VI) reduction.
EXPERIMENTAL

Preparation of AC
The coal-pitch based AC (Filtrasorb 400 (F400)), Cargon Carbon Japan) was used as an adsorbent. For the removal of ash in F400, deashing treatment was carried out by soaking F400 in 2 mol/L HCl and 46% H2F2. Summar y The effects of surface properties of activated carbon (AC), pH and temperature of solution on Cr(VI) removal and reduction were investigated. AC oxidized by HNO3 could possess large amount of surface functional groups and showed a higher Cr(VI) removal than AC with little amount of surface functional groups prepared by outgassing at 1000℃ under neutral conditions. This result indicates that AC possessing the acidic functional groups had a reduction ability of Cr(VI). In contrast, under highly acidic conditions Cr(VI) was more easily reduced to Cr(III). The decrease amount of both adsorbents consequently showed the same value. The decrease amount increased with the increase in temperature. From the difference in reduction amount of Cr(VI) on AC which had different surface conditions, the carboxylic and/or carboxylate groups would be involved in the reduction process.
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─ 20 ─ for 6 hours and repeatedly washed by boiled distilled water, and the sample was heated at 350℃ for 4 hours to remove the residual nitrate ions on AC (F400-OX: Oxidation).
Evaluation of structure properties
The total surface area and pore distribution were measured by N2 adsorption at -196℃ using surface area and pore size analyzer (SA 3100, Beckman Coulter, USA). After vacuum outgassing of the AC in the sample tube at 300℃ for 60 minutes, the tube was immersed in liquid nitrogen and N2 adsorption-desorption isotherm was obtained.
Specific surface area, pore distribution and pore width were determined from the analysis of N2 adsorption-desorption isotherm by the subtracting pore effect (SPE) method using αs plot
16, 17）
Determination of surface properties
The amount of surface functional groups such as carboxylic, lactonic, phenolic and basic groups was determined by Boehm titration 18, 19） . A 500 mg of each prepared AC and 15 mL of 0． 1 mol/L NaOH, NaHCO3, HCl or 0． 05 mol/L Na2CO3 solution were mixed in a 100 mL conical flask and agitated at 25℃ with the agitation rate of 100 rpm for 5 days. A 5 mL aliquot of each solution was separated from the mixture and added into a 30 mL conical flask. Then, the sample was titrated by 0． 06 mol/L HCl solution. The carboxylic groups were neutralized only by NaHCO3 solution as a weakly basic species. The carboxylic and lactonic groups were neutralized by Na2CO3. NaOH solution neutralized all the acidic functional groups. The same procedure was carried out for a mixture of a 500 mg AC and 15 mL of 0． 1 mol/L HCl solution to determine the amount of basic groups. After 10 mL of 0． 1 mol/L NaOH solution was added to the remaining 5 mL HCl solution, NaOH solution was titrated with 0． 06 mol/L HCl solution.
The pH of the point of zero charge (pHpzc) shows pH of the solution, which indicates no positive/negative charge of the AC surface. A 100 mg AC was added to 50 mL solution with different initial pH and agitated for 3 days. The initial pH was adjusted from 2 to 12 by either 0． 1 mol/L HCl or NaOH using pH meter (D51, Horiba, Japan). After the equilibrium pH in the solution was measured, the equilibrium pH was plotted against initial pH. pHpzc was determined as the point that the equilibrium pH was equal to initial pH 20） .
Adsorption and desorption experiment
A 50 mg of each AC was loaded to a 100 mL conical flask containing 25 mL of K2CrO4 solution (Initial Cr(VI) concentration = 20 mg/L).
Each flask was placed in an incubator at 13, 23 or 33℃ for 24 hours.
To investigate pH dependence on Cr(VI) removal, the initial pH of solution was adjusted from 1 to 13 by either HNO3 or NaOH.
Equilibrium concentration of Cr(VI) was measured by ion chromatography (IC) (ICS-1100, Dionex, USA) using 4×250 mm IonPac The scheme of the method for the determination of each Cr amount is shown in Fig. 1 . Table 1 shows total surface area (S(αs)), micro pore volume (Vmicro), meso pore volume (Vmeso), meso pore ratio (rαmeso), average pore diameter (Dpore), amount of surface functional groups and the pH of the point of zero charge (pHpzc) of each AC. The reduction of S(αs) caused by HNO3 oxidation is due to the N2 blockage effect of introduced surface functional groups
RESULTS AND DISCUSSION
Properties of AC
21）
. In contrast, Vmeso, rαmeso and Dpore of F400-OX increased compared to that of F400-DA. This result is attributed to the destruction of micro pore walls by HNO3 oxidation at 90℃ and the expansion of micro pores to meso pores
22）
. The pHpzc of F400-OX decreased compared to that of F400-DA. This result is due to the introduction of the carboxylic and lactonic groups. The outgassing treatment for F400-OG at 1000℃ removed the carboxylic and lactonic groups without remarkable change in the surface area. It was known that these surface functional groups were easily removed by heat treatment contractive to the phenolic groups
23, 24）
. Figure 2 shows the amounts of Cr(VI) decrease for F400-OX and F400-OG in different pH of the solution at 23℃. The maximum decrease amount was observed in the pH range of 2-3 for each AC.
The effect of pH for removal
Many studies reported that the maximum amount was obtained under highly acidic conditions (pH 1-3)
6, 10）
. In the pH range of 2-3, Cr(VI) ion exists in the form of anion as HCrO4 -or Cr2O7
. From the result of pHpzc in , causing little efficiency of Cr(VI) reduction under highly basic conditions.
The effect of pH for reduction
Reduction amount of Cr(VI) for F400-OX and F400-OG at different pH of the solution at 23 ℃ is shown in Fig. 3 . Reduction amount for both adsorbents increased under highly acidic conditions, in which the redox potential of Cr(VI) showed higher value of ca. 1． 3 V at pH 1 compared to that of 0． 68 V at pH 5
1）
. This value indicates that Cr(VI) was more easily reduced to Cr(III) under highly acidic conditions. In this study, Cr(III) caused by the reduction of Cr(VI) existed in the solution as Cr(OH) 2+ and Cr(OH)2
. Reduction amount for F400-OX and F400-OG, which were respectively with and without the acidic surface functional groups, exhibited the same value. This result implies that the reduction amount depended on the pH of the solution rather than the surface functional groups under highly acidic conditions. The difference of pH dependence under neutral and basic conditions in Fig. 3 is due to the difference of surface properties of adsorbent. In the pH range of 3-13, the surface functional groups on F400-OX progressed the reduction of Cr(VI). Around pH 6-7, the carboxylic groups on F400-OX surface ionized to carboxylate anion.
Cui et al. observed that carboxylic and carboxylate groups decreased after adsorption and reduction of Cr(VI) based on the result of FT-
IR analysis
13）
. These results also suggest that the carboxylic and/or carboxylate groups on AC had a reduction ability for Cr(VI)
8,13）
Therefore, reduction ability of F400-OX was superior to that of F400-OG.
The effect of pH for adsorption Figure 4 shows the adsorption amounts of Cr(VI) for F400-OX and F400-OG at different pH of the solution at 23℃ . The adsorption amount of Cr(VI) for F400-OG was greater than that of F400-OX in the pH range of 3-13. Oxidized AC possessing the acidic surface functional groups was appropriate for the adsorption of heavy metals such as Cu 2+ and Cd
, while degassed AC enhanced the adsorption of anion such as phosphate ion because of inexistent of the surface . From these results, it suggests that Cr(VI) was adsorbed onto AC in the form of anion such as HCrO4 -and/or CrO4 2-.
Temperature dependence
Figures 5 and 6 show the decrease, reduction and adsorption amounts of Cr(VI) for F400-OX and F400-OG at different temperature, respectively. Cr(VI) reduction ability of F400-OX which had the acidic functional groups was superior to F400-OG over whole temperature range (P ＜0． 05). The decrease and reduction amount for F400-OX in Fig. 5 increased with the increase in temperature. In contrast, the adsorption amount of Cr(VI) did not depend on solution temperature. From these results, the temperature dependence on the decrease amount for F400-OX was not due to adsorption of Cr(VI) onto AC, but progress of reduction under high temperature. In the case of F400-OG possessing less amount of surface functional groups the decrease amount of Cr(VI) in Fig. 6 depended strongly on the adsorption amount of Cr(VI) under neutral conditions.
CONCLUSIONS
In this study, adsorption and desorption experiments were carried out at different pH and solution temperature to clarify the effect of surface properties of AC on the Cr(VI) reduction. The main conclusions are summarized as follows.
（1）
The acidic functional groups (carboxylic, lactonic and phenolic groups) and meso pore volume of AC were increased by HNO3 oxidation at 90℃ , while the surface area and total basic groups were decreased in this process.
（2）
The basic functional groups were increased by outgassing treatment at 1000℃ under helium flow, while the acidic functional groups were decreased without remarkable change of the surface area in this process.
（3）
The maximum decrease amounts of Cr(VI) were observed in the pH range of 2-3 for each prepared AC. In this range, Cr(VI) was more easily reduced to Cr(III), which meant that the reduction amount was not influenced by the surface structure of AC. Under basic conditions, decrease amounts for each AC were descended due to the completion of OH -on AC surface.
（4） Around neutral conditions, Cr(VI) removal of F400-OX possessing the acidic surface functional groups depended on Cr(VI) reduction, while Cr(VI) removal of F400-OG which had few surface functional groups attributed to Cr(VI) adsorption.
（5） Decrease amount of Cr(VI) increased with the increase in temperature in both F400-OX and F400-OG.
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